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Abstract. The aim of the paper is to reveal the new role of the eccentric binary stars for the 
modern astrophysics. It became possible due to the unique precision of the present 
observational data, especially those of the space missions. They allowed the transformation 
of the eccentric stars from objects of the celestial mechanics to an important field of the 
stellar astrophysics. They became important probes for study of the tidal phenomena as 
apsidal motion and periastron brightening. We present also our contribution to the study of 
the tidally induced brightening of six targets observed by the Kepler mission. 
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Роля на ексцентричните двойни звезди 
за съвременната астрофизика и нашият принос в тази област 

Д. Кюркчиева, Д. Василева 

Целта на статията е да разкрие новата роля на ексцентричните двойни звезди за 
съвременната астрофизика. Тя стана възможна благодарение на уникалната 
прецизност на съвременните наблюдателни данни, особено тези, получени от 
космическите мисии. Те позволиха превръщането на ексцентричните звезди от обекти 
на небесната механика в такива на звездната астрофизика. Ексцентричните звезди 
станаха лаборатории за изследване на приливни явления като апсидното движение и 
увеличението на блясъка в периастъра. В статията е представен и нашият принос в 
изучаването на последния ефект за шест звезди, наблюдавани от мисията Кеплер. 

Introduction 

It is generally supposed that eccentric binaries are mainly produced as a 
result from the fragmentation of the protostellar clouds (Bonnell & Bastien 
1992, Bate 1997; Bate & Bonnell 1997). Supernova event during the 
evolution of massive star in a binary system can produce also an eccentric 
orbit, e.g. in case of X-ray binaries (Chaty 2011). The empirical data reveal 
that the main-sequence binary systems typically have eccentric orbits 
(Duquennoy & Mayor 1991). But until recently the eccentric binaries were 
poorly studied. The probable reason is that they are wide stellar systems with 
long periods (Bate et al. 2002) requiring prolonged observations. 

During last decade the huge surveys as ROTSE, MACHO, ASAS and 
SuperWASP expanded considerably the data base of eccentric binaries. The 
next important step was made by the space mission Kepler (Koch et al. 
2010). Due to its extended and nearly uninterrupted data set above thousand 



D. Kjurkchieva, D. Vasileva 62

detached systems were discovered, considerable part of them on eccentric 
orbits. 

The unique precision of the Kepler observational data transformed the 
eccentric binary stars from objects of the celestial mechanics to an important 
field of the stellar astrophysics. Now they are probes for study of the tidal 
phenomena: mechanisms for circularization of the orbits, synchronization of 
the stellar rotation with the orbital motion and complanarity (coincidence of 
the equatorial and orbital plane); impermanent mass transfer occurring close 
to the periastron (Sepinsky et al. 2007a, Lajoie & Sills 2011); apsidal motion; 
tidally excited brightening and oscillations. 

The theoretical calculations reveal that the secular changes of the orbital 
separation and eccentricity could be positive or negative (depending on the 
mass ratio and eccentricity), and could occur on timescales ranging from a 
few million years to a few billion years (Sepinsky et al. 2007b, 2009). This 
means that the assumption for rapid circularization is not adequate, i.e. 
binaries can remain on eccentric orbits for long periods of time. Hence, the 
binary stars on eccentric orbits have important evolutional role. 

1 Apsidal motion of the eccentric binaries 

The eclipsing eccentric binaries (EEBs) with an apsidal motion provide an 
important observational test of the theoretical models of stellar structure and 
evolution (Kopal 1978, Claret & Gimenez 1993). 

The external potential of a distorted configuration is a function of its 
internal structure in the form of series expansion (Claret & Gimenez 1991) 
which coefficients are known functions of observable stellar and orbital 
parameters (eccentricity, radii, masses and rotational velocities). Hence, the 
„apsidal motion test” could be used as a probe of stellar internal structure if 
precise values of global parameters are available (Claret & Gimenez 2010). 
There are important recent studies of this effect based on the observed apsidal 
motion of double-lined binaries (Lacy et al. 2015, Zasche et al. 2014, Bulut et 
al. 2014, Garcia et al. 2014, Kozyreva & Kusakin 2014, Harmanec et al. 
2014, Wilson & Van Hamme 2014, Hambleton et al. 2013, Wolf et al. 2013, 
Claret 2012, Zasche 2012, Kuznetsov et al. 2011, Claret & Gimenez 2010, 
Wolf et al. 2010, Gimenez & Quintana 1992, Barembaum & Etzel 1995, 
etc.). 

In addition to the classical Newtonian contribution, the observed apsidal 
motion includes term of the General Relativity (Levi-Civita 1937, Gimenez 
1985). Information for the apsidal motions of 128 targets in our Galaxy can 
be found in the catalog of Petrova & Orlov (1999). The study of EEBs in 
close galaxies SMC and LMC began in the new millenium (Graczyk 2003; 
Michalska & Pigulski 2005; Michalska 2007; North et al. 2010; Zasche & 
Wolf 2013; Zasche et al. 2014). 

2 Tidally excited brightening and oscillations 

The tidal forces change the stellar shape (tidal bulges) and cause brightness 
variability due to projection of the distorted stellar surfaces on the visible 
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plane (Morris 1985; Welsh et al. 2011). It has double-wave shape (ellipsoidal 
variations) in the case of circular orbits and light increasing around the 
periastron in the case of eccentric orbits. 

Kumar et al. (1995) created an analytic model of tidal phenomena in 
eccentric binary consisting of point source (neutron star) and MS star. They 
used it to explain the 1 day oscillations with amplitude of 0.002 of B-type 
star orbiting a neutron star (radio pulsar PSR 0045-7319 with e = 0.81 and 
Porb = 51 d). Further this analytic theory was used for explanation of: (a) the 
oscillation with frequency of exactly ten times the orbital frequency of the 
slowly pulsating B-star in the binary HD177863 (De Cat et al. 2000); (b) the 
oscillations of the A-type primary of the eccentric binary HD 209295 
(Handler et al. 2002); (c) the oscillations of the eccentric, short-period early-
type binary HD 174884 (Maceroni et al. 2009). 

The theory of the tidally excited phenomena further was developed by 
Willems (2003), Zahn (2005), Willems & Claret (2005), 

Willems (2007), Hernandez-Gomez et al. (2011), Gundlach & Murphy 
(2011), Burkart et al. (2012), Song et al. (2013), Borkovits et al. (2014), etc. 

According to the analytic model of Kumar et al. (1995) the shape of the 
light curve of eccentric binary consisting of point source and MS star 
depends on inclination, angle of periastron, and eccentricity while its 
amplitude (of order of mmag) depends on the masses of the components, 
their internal stellar structure and the orbital separation at the periastron. The 
shape of the light increase is one-peaked for i < 30° but becomes two-peaked 
with central dip (which depth and width increase with i) for the bigger orbital 
inclination (Kumar et al. 1995). 

The Kepler mission gave clear confirmations of the theoretical predictions 
of Kumar et al. (1995): tidally excited oscillations (harmonics of the orbital 
period) and brightening around the periastron. The first important example 
was KOI 54 that exhibited two remarkable features: a periodic brightening 
spike of ~0.7 % occurring at the periastron and a ~0.1 % „beat” pattern of 
pulsations in phase with the brightening events (Welsh et al. 2011, Burkart et 
al. 2012). Thompson et al. (2012) found the next 16 similar objects (most of 
them noneclipsing) in the Kepler archive and called them „heartbeat” stars 
due to their shape of light variability reminiscent an echocardiogram. Their 
light curves around periastron have different shape: some dim before they 
brighten, others dim after they brighten, and others show distinct „W” or „M” 
shapes. Stellar oscillations at harmonics of the heartbeat periods of some of 
these targets were also found. Moreover, Thompson et al. (2012) calculated a 
grid of solutions to the model of Kumar et al. (1995) and found that the larger 
inclinations cause the light curve firstly to increase in brightness and then to 
decrease, or vice versa, depending on the angle of periastron, while the bigger 
eccentricity led to shorter duration of the heartbeat event. 

3 Our contribution to the study of tidally induced brightening 
at the periastron 

Recently we carried out light curve solutions of around twenty detached 
eccentric binaries observed by Kepler. Besides the determination of their 
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orbits and stellar parameters we studied in details their out-of-eclipse 
variations. 

In such way we found tidally induced brightening at the periastron of six 
targets: KIC 6220470, KIC 11071207, KIC 9474969, 

KIC 1140969, KIC 5284133 and KIC 8316503 (Kjurkchieva & Vasileva 
2015a, Kjurkchieva & Vasileva 2015b). 

The analysis of the light features at the periastron of our targets led us to 
the following conclusions: 

(1) They presents only for targets with considerable eccentricity. 
(2) The observed features around the periastron phase seem as a 

„hump” (brightening). This shape differs from the expected one for 
the big orbital inclinations. 

(3) The hump duration is shorter for the targets with bigger eccentricity 
that supports the conclusion of Thompson et al. (2012). 

(4) The hump amplitude is bigger for the targets with bigger 
eccentricity. 

(5) The tops of the humps do not coincide perfectly with the periastron 
phases (Kjurkchieva & Vasileva 2015a, Kjurkchieva & Vasileva 
2015b): those of KIC 6220470, KIC 1140969 and KIC 11071207 
slightly precede periastron phase; those of KIC 9474969 and KIC 
8316509 slightly delay; that of KIC 5284133 coincides perfectly 
with the periastron phase. The small deviations from the periastron 
phase probably due to the irradiation effect which phase 
contribution depends on the periastron angle. 

(6) Humps were found for targets with big sum of relative radii r1+r2. 
This means that the hump amplitude depends strongly on the 
relative stellar radii. 

(7) We applied the formalism of Kumar et al. (1995) to eccentric binary 
consisting of two MS stars and obtained the formula describing the 
hump amplitude (Kjurkchieva & Vasileva 2015a). It reveals that: 
(a) the hump amplitude increases rapidly with the increase of the 
binary eccentricity; (b) for a given eccentricity the hump amplitude 
has maximum value for certain value of the mass ratio that depends 
on the ratio of the stellar radii. 

(8) We did not find oscillatory modes of any target from our sample. 
This result confirms the conclusion of Kumar et al. (1995) that the 
MS stars have small amplitudes of oscillation. 

Summary 

We tried to reveal the new role of the eccentric binary stars for the modern 
astrophysics. We showed that the unique precision of the present 
observational data allowed the transformation of the eccentric stars from 
objects of the celestial mechanics to an important field of the stellar 
astrophysics: they became probes of tidal phenomena as apsidal motion and 
periastron brightening. 

Our investigations in this area consist of light curve solutions of detached 
eccentric eclipsing binaries observed by Kepler mission. Besides the 
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determination of their orbits and stellar parameters we studied in details their 
out-of-eclipse variations and found tidally induced brightening at the 
periastron of six targets. Hence, our study may be considered at some degree 
as supplement to the extensive study of Thompson et al. (2012) of the non-
eclipsing „hearth-beat” stars because our targets are eclipsing stars whose 
light features at the periastron phase have the shape of hump. 
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